Produced water released into the sea from oil installations contains a vast number of organic 8 compounds. This work focuses on the analysis and identification of phenols in produced 9 water, in particular long-chain para-substituted alkylphenols, which act as endocrine 10 disruptors for marine biota. Some alkylphenol standards, unavailable commercially, have 11 been synthesised and some compounds of interest identified. However, a complete 12 identification is not possible since conventional GC techniques cannot achieve the desired 13 degree of separation. An overview of the levels of the 52 known alkylphenols in produced 14 water from 9 oil installations in the North and Norwegian Seas has been made. The previously 15 unidentified alkylphenols in produced water have been characterised by means of alkylphenol 16 retention indices (APRI) and mass spectrometry, and their total amounts estimated for the 17 same 9 locations. Our results confirm the presence of naphthols and other as yet unidentified 18 compounds in produced water, while thiophenols were not detected by the used technique. 19
Introduction 21
In oil exploration activities, produced water is the water that comes up with oil from sea bed 22 reservoirs, and is then separated from the oil and released into the marine environment. The 23 quantities are large (147×10 6 m 3 from Norwegian offshore oil activities in 2005) and ever 24 increasing due to a larger water content in maturating production wells. The cited 2005 25 releases are 4×10 6 m 3 higher than those in 2004 (NPD, 2006) . Total releases from all national 26 sectors throughout the North Sea are larger still, having reached 560×10 6 m 3 already in 2002 27 (Thomas et al., 2004a) . The water released in the Norwegian sector each year contains tens of 28 thousands of tonnes of organic compounds, including hundreds of tonnes of alkylphenols 29 (OLF, 2006) . Alkylphenols are potential endocrine disruptors, and are thus recognized as a 30 * To whom the correspondence is to be addressed. Fax: +47-55238555, email: stepan.boitsov@imr.no 2 matter of concern for marine biota (Nimrod and Benson, 1996; Meier et al., 2007) . Produced 31 water has been shown to contain estrogen receptor agonists, and alkylphenols have been 32 identified as major contributors to this effect (Thomas et al., 2004a,b) . 33 A sensitive and selective method for determination of alkylphenols in produced 34 water has recently been described (Boitsov et al., 2004) . The method is based on solid-phase 35 extraction with derivatisation by pentafluorobenzoyl chloride and gas chromatography-mass 36 spectrometry (GC-MS) analysis of the derivates using negative ion chemical ionisation, NCI. 37
The method has detection limits at low ng/l level and now uses 52 alkylphenols of different 38 chain length, from phenol (C 0 ) to nonylphenol (C 9 ), as standards. However, a large number of 39 alkylphenols are found in an average produced water sample. Theoretically, hundreds of 40 isomers may be present. Most of these are not commercially available and have not been 41 identified. 42
The primary aim of this work has been to help determine the endocrine-disrupting 43 potential of produced water, since only some alkylphenol isomers have been shown to exert 44 this effect. Namely, long-chain, branched (especially tertiary) para-substituted alkylphenols 45 have the strongest xenoestrogen effect, 4-tert-octylphenol being the most potent xenoestrogen 46 of all alkylphenols (Routledge and Sumpter, 1997). Ortho-substituted and short-chain 47 alkylphenols have little or no xenoestrogen effect (Routledge and Sumpter, 1997). 48
Here we describe the qualitative analysis of the total alkylphenol matrix in produced 49 water, together with the quantitative analysis of known alkylphenols in samples from various 50
Norwegian offshore oil installations. For the qualitative analysis, large sample volumes and 51 improved sample purification were used to achieve a high degree of analytical sensitivity and 52 selectivity for detecting as many alkylphenol isomers as possible. Several approaches were 53 then used to carry out identifications. 54
The first way to identify the unknown chromatographic peaks is to synthesise some 55 of the alkylphenol isomers that are not currently available commercially. Having synthesised 56 a few tertiary para-substituted long-chained alkylphenols, it may be possible to determine a 57 significant part of xenoestrogens in produced water. However, this leaves the rest of the 58 alkylphenol matrix unidentified. 59
Identification of alkylphenols in produced water may be facilitated by mapping all 60 the unidentified isomers to provide a reliable basis for the analysis of hundreds of compounds 61 for which standards do not exist. An efficient way of achieving such systematisation is by 62 using retention indices. The retention index is the retention time of the analysed compound 63 expressed relative to the retention times of a series of reference compounds. A method of 64 produced water (Mjøs et al., 2006) . It has been shown to be more robust for this purpose than 66 the traditionally used Kovats indices, and allows accurate characterisation of alkylphenol 67 isomers despite changes in chromatographic properties such as retention times. Thus, a 68 systematisation of separate alkylphenol isomers becomes possible, resulting in unequivocal 69 determination of any given alkylphenol isomer in various samples analysed under various 70 chromatographic conditions, without the use of standards. 71
In addition to alkylphenols, thiophenols and naphthols have also been included in 72 the analysis. These compounds have not previously been studied in produced water; however, 73 their presence in oil has been shown (Beens and Tijssen, 1997; Thomson et al., 1997) Large volumes (100 l) of produced water samples have been used to provide 82 sufficient concentrations for analysing even the minor compounds. This was necessary, since 83 many alkylphenols, particularly long-chain ones, are found only in small quantities in 84 produced water. This study was not quantitative due to the novelty of the task, the absence of 85 standards for establishing response factors, and because of the complicated multi-step 86 procedure. However, smaller volumes of samples originating from 9 oil installations in the 87 North and Norwegian Seas have been analysed for levels of the known alkylphenols by a 88 previously described quantitative procedure (Boitsov et al., 2004) , and the amounts of the 89 unknown isomers have also been estimated. All together, the following 13 samples of 90 produced water from 10 oil installations (see Fig. 1 
Syntheses 127
The general procedure for the synthesis of para-substituted alkylphenols is well known, 128
involving Friedel-Crafts reaction and certain catalytic and/or physical conditions to achieve 129 5 the desired selectivity. Syntheses of long-chain tertiary alkylphenols have been carried out at 130 the University of Bergen according to the two following procedures. An acid-catalysed 131 reaction between phenol and substituted alcohols leads to pure single isomer products (Huston 132 and Hsieh, 1936); another one with phenol and an isoalkene as substrates and an ion-133 exchange resin as catalyst yields a mixture of the corresponding ortho-or para-alkylphenol 134 isomers (Loev and Massengale, 1957). The first procedure was used for specific syntheses of 135 3 para-tert-alkylphenols and the second one for non-specific syntheses of mixtures of various 136 tertiary alkylphenol isomers. Products were recrystallised consecutively from pure 137 dichloromethane and a hexane-dichloromethane 3:1 mixture and dried in oil vacuum (in case 138 of solid product), or the solvent was removed by rotor vapour (in case of liquid product). 139
Products were then analysed by GC-MS (full scan) and by 400 MHz 1 H nuclear magnetic 140 resonance (NMR) with deuterochloroform (CDCl 3 ) used as NMR solvent and reference. Only 141 pure products were analysed by NMR since NMR spectra of the mixtures could not be 142 resolved. The products of the syntheses are described in Table 1 The 100 ml samples were purified by filtration and solid-phase extraction, with subsequent 148 derivatisation by pentafluorobenzoyl chloride, according to the procedure described 149 previously (Boitsov et al., 2004) . A method blank, made in distilled water, was processed 150 together with the produced water samples. Quantitative data obtained for the produced water 151 samples has then been corrected for blank values. The following detailed description of the 152 experimental procedure concerns only the 100 l samples. 153
In this work we improved our regular purification procedure by introducing two 154 extra steps, gel-permeation chromatography (GPC) and normal-phase liquid chromatography 155 (NP-LC). GPC was used to remove small molecules like elementary sulphur and large 156 polymer compounds that could interfere with the analysis. The following NP-LC step 157 prevents an overlap of the signals from alkylphenols with those from other compounds 158 (Snyder et al., 2001) . All alkylphenols were found in the same NP-LC fraction, well separated 159 from PAH and other compounds. Samples were then sufficiently clean to provide MS spectra 160 of good quality. 161
Each of the 100 l samples was first extracted with 2x50 ml dichloromethane (DCM) 162 for every 2 l water, the extract volume was then reduced to approximately 0.5 ml under gentle 163 6 nitrogen gas flow in a water bath at 40° C. The extracts were mixed together and the volume 164 was again reduced to approximately 5 ml. The two resulting extracts were then filtered, the 165 filters washed with DCM and the filtrates extracted with acetonitrile-hexane, and the polar 166 for C 2 -alkylphenols; 4-propylphenol-d 12 , as reference for C 3 -C 6 alkylphenols; 4-nonylphenol-208 d 4 , as reference for C 7 -C 9 alkylphenols. 209
Samples of 100 l were analysed non-quantitatively by both EI and NCI, both in SIM 210 and full scan mode, as described below. The analyses of the EI mass spectra yield structure 211 information while the NCI spectra lead to improved sensitivity and selectivity. injection. After 2 min the temperature was increased to 100°C by a temperature programming 218 rate of 30°C/min, which was followed by a second rate of 2°C/min to a final temperature of 219 260°C. Dwell time per ion for all ions was 100 ms. In SIM mode, the total chromatogram was 220 divided into 5 windows (after solvent delay, 10 min), each of these scanned for 4 to 5 selected 221 ions to achieve better sensitivity. The corresponding parameters are shown in Table 2 . 222 223 ( A large number of alkylphenol isomers is present in produced water, only a portion of which 239 are identifiable from available standards (see Fig. 2 ). The number of non-identified 240 alkylphenols grows rapidly with alkyl chain length, as shown in Table 3 . 
where t R is retention times of the compound of interest, x, and two para-substituted n-257 alkylphenols eluting on each side of the compound. z represents the number of carbon atoms 258 in the alkyl chains of the para-alkylphenols eluting before x, and n is the difference in the 259 number of carbon atoms between the two references. z is zero if the first reference compound 260 is phenol. 261 water, each compound on this list being assigned a unique number in accordance to its APRI 263 value. Even though the precise isomeric structure of each particular compound remains 264 unknown, this allows a determination of the same compound in any new sample on a similar 265 stationary phase (for details, see Mjøs et al. (2006) ). A selection of unidentified alkylphenols 266 systematised in this way is shown in Section 3.2. 267
The biggest problem when attempting to identify the previously unidentified long-268 chain alkylphenol isomers in produced water was the poor resolution of the peaks, despite the 269 optimised GC conditions. Obviously, conventional GC-MS techniques do not provide 270 sufficient data quality for this type of analysis, and supplementary or different techniques 271 have to be used to achieve complete peak separation. In recent years, there have been 272 substantial achievements in the development of methods for the mathematical resolution of The mixtures of (ortho-, para-)hexyl-and heptylphenols were synthesised to 286 determine xenoestrogenic para-isomers of long-chained alkylphenols in produced water and 287 compare their relative amount to that of their less potent ortho-and meta-isomers. It has been 288 observed for technical nonylphenol, representing a mixture of known nonylphenol isomers 289 (Ruβ et al., 2005) , when derivatised with PFBC and analysed together with other standards, 290 that the majority of para-isomers have APRI values in the range of 7.1 to 7.7, eluting in a 291 narrow chromatographic "window" as a cluster of peaks. These are strongly branched 292 alkylphenols, while para-n-nonylphenol has APRI=9. Therefore, we expected the para-293 isomers in the synthesised mixtures to elute closely together as well. However, their APRI 294 values were found to span a wide range, unlike those of technical nonylphenol, and the 295 10 samples therefore did not provide a basis for identification of clusters of para-substituted 296 hexyl-or heptylphenols. 297 298
Thiophenols. 299
No compounds of thiophenol class have been found in the studied samples. The absence of 300 thiophenols could be partly due to the pre-analysis sample preparation procedure that was not 301 optimised for this type of compounds. However, the large volume of the analysed samples, 302 1000 times larger than the regular volume used for routine analysis of produced water at our 303 laboratory, allows to suggest that the amounts of thiophenols in produced water are 304 insignificant. 305 Forty-nine alkylphenols have been identified and quantified in 100 ml produced water 335 samples from 9 oil platforms by means of commercially available alkylphenol standards or by 336 those synthesised in our laboratory. It is worth pointing out that the previously described 337 analytical method used in this study (Boitsov et al., 2004) allows for more precise 338 measurements than some other commonly used methods not involving derivatisation of 339 analytes, such as the one recommended to oil companies by the Norwegian Oil Industry 340 Association (OLF) (OLF, 2003). The results presented below are thus different from those 341 reported by Norwegian oil companies or by studies that use the OLF-endorsed method, which 342 may result in a considerable underestimation of short-chain alkylphenol levels and an 343 overestimation of long-chain alkylphenol levels (e.g., OLF, 2006) . 344
The results from our study are given in Table 4 , with APRI values given for each 345 alkylphenol. The amounts of alkylphenols in the samples vary significantly from platform to 346 platform, up to 3 orders of magnitude in some cases, thus reflecting a strong dependence of 347 produced water composition on the origin of the oil. The difference in concentrations of long-348 chained alkylphenols is, however, much smaller than that of phenol and short-chained 349 alkylphenols, indicating that the endocrine-disrupting ability of produced water does not 350 change as much from platform to platform as the overall toxicity. 351 352 (Table 4) Samples from two of the oil platforms, Statfjord C and Oseberg C, were tested for 382 stability when the conservation agent, HCl, was not added. Two separate samples, one with 383 and one without HCl, were obtained from each platform. No significant differences in the 384 concentrations were observed between the two samples in either case, except some for ortho-385 substituted alkylphenols, due to the lowered efficiency of the method for these compounds 386 (Boitsov et al., 2004) . This confirms the reliability of analysis, which is best suited for meta-387 and para-substituted alkylphenols. Thus, alkylphenols in produced water seem to be stable 388 towards bacterial or other degradation when kept cool and in darkness in tightly sealed glass 389 bottles for up to 3 weeks. 390
The 4-nonylphenol that was found in some, but not all, samples in quantifiable 391 amounts (see Table 4 ) is thought to originate from sources other than produced water, due to 392 the omnipresence of nonylphenols in the laboratory environment (Meier et al., 2005) . 393
An estimate of the amounts of unidentified alkylphenols has also been made for the 394 nine 100-ml samples. The established APRI system provided a confirmation of the presence 395 of the same compounds in different samples for all the unknown alkylphenols. However, 396 since these compounds are not available as standards, it was not possible to establish response 397 13 factors for them, so a response factor of 1 was used. This cannot be regarded as an absolute 398 quantification; however, it may be helpful to give a rough estimate of the amount of the 399 compound present, and especially to compare relative amounts between produced water 400 samples from different locations. The total amounts for each molecular mass are shown in 401 Table 4 , while concentration estimates for the selected separate unknown alkylphenols (given 402 as an average for the 9 locations) are shown in Table 5 . All the unidentified C3-alkylphenols 403 are shown. For other alkylphenols, due to the large number of peaks (see Table 3 ), only two 404 of each are shown: those which, on average, appear in the largest amounts in the samples. 405 406 (Table 5 ) 407 408
Conclusion 409
In this work, an attempt has been made to investigate the previously unidentified alkylphenols 410 in produced water released into the sea from offshore oil installations. Two 100 l samples 411 from 2 locations in the North Sea have been used for a detailed qualitative analysis. Three 412 alkylphenols of high xenoestrogenic power were synthesised and identified in produced 413 water. A system of alkylphenol retention indices, APRI, developed for this work, has been 414 used to systematise all the observed alkylphenols, including the numerous unidentified ones. 415
This may facilitate further work to identify the unknown isomers. However, poor peak 416 separation precludes such analysis from being comprehensive, and other separation 417 techniques, such as GCxGC, are likely to be necessary. Other compounds, such as naphthols, 418 were also found in the samples, while thiophenols were not observed. 419
We also determined the concentrations of 52 alkylphenols found in produced water 420 from 9 offshore platforms in the North and Norwegian Seas, including the three newly 421 synthesised ones. While the levels of low-weight alkylphenols vary greatly from location to 422 location, only moderate differences have been observed in the levels of long-chained 423 alkylphenols. The results seem to support recent biological in vivo, in vitro, and field study 424 data in their conclusion that estrogenically induced endocrine-disruption in the marine biota, 425 due to produced water discharges, is only probable in the immediate vicinity of the point of 426 discharge. 427
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